The formation of surface urban heat islands (SUHIs) can cause significant adverse impacts on the quality of living in urban areas. Monitoring the spatial patterns and trajectories of UHI formations could be helpful to urban planners in crafting appropriate mitigation and adaptation measures. This study examined the spatial pattern of SUHI formation in the Colombo District (Sri Lanka), based on land surface temperature (LST), a normalized difference vegetation index (NDVI), a normalized difference built-up index (NDBI), and population density (PD) using a geospatial-based hot and cold spot analysis tool. Here, 'hot spots' refers to areas with significant spatial clustering of high variable values, while 'cold spots' refers to areas with significant spatial clustering of low variable values. The results indicated that between 1997 and 2017, 32.7% of the 557 divisions in the Colombo District persisted as hot spots. These hot spots were characterized by a significant clustering of high composite index values resulting from the four variables (LST, NDVI (inverted), NDBI, and PD). This study also identified newly emerging hot spots, which accounted for 49 divisions (8.8%). Large clusters of hot spots between both time points were found on the western side of the district, while cold spots were found on the eastern side of the district. The areas identified as hot spots are the more urbanized parts of the district. The emerging hot spots were in areas that had undergone landscape changes due to urbanization. Such areas are found between the persistent hot spots (western parts of the district) and persistent cold spots (eastern parts of the district). Generally, the spatial pattern of the emerging hot spots followed the pattern of urbanization in the district, which had been expanding from west to east. Overall, the findings of this study could be used as a reference in the context of sustainable landscape and urban planning for the Colombo District.
Introduction
The United Nations population projection shows that by 2050, the world's urban population would increase by 2.5 billion [1] . The United Nations has also projected that urbanization rate would be faster in the developing regions (Asia and Africa) [1] . Previous studies show that rapid urbanization and its spatiotemporal changes based on the administrative boundaries. Administrative boundaries are much more important for policy makers and urban planners to implement the suitable mitigation measures. Hence, this present study focused on examining the spatial pattern of SUHI formation in the Colombo District based on four variables, namely LST, NDVI, NDBI, population density, by using the geospatial-based hot and cold spots analysis tool. In addition, it also identified new SUHI hot spots formed between 1997 and 2017. The study hypothesized that the use of LST, NDVI, NDBI, and population density, as well as the use of a geospatial-based hot and cold spot analysis tool, could provide a better understanding of the SUHI formation and its spatiotemporal pattern based on the 557 administrative divisions of the Colombo District. The spatiotemporal changes of SUHI formation can be used as a proxy indicator to facilitate future sustainable landscape and urban planning.
Materials and Methods

Study Area: the Colombo District, Sri Lanka
The Colombo District is situated in a western province of Sri Lanka, an island in the western part of the Indian Ocean ( and its spatiotemporal changes based on the administrative boundaries. Administrative boundaries are much more important for policy makers and urban planners to implement the suitable mitigation measures. Hence, this present study focused on examining the spatial pattern of SUHI formation in the Colombo District based on four variables, namely LST, NDVI, NDBI, population density, by using the geospatial-based hot and cold spots analysis tool. In addition, it also identified new SUHI hot spots formed between 1997 and 2017. The study hypothesized that the use of LST, NDVI, NDBI, and population density, as well as the use of a geospatial-based hot and cold spot analysis tool, could provide a better understanding of the SUHI formation and its spatiotemporal pattern based on the 557 administrative divisions of the Colombo District. The spatiotemporal changes of SUHI formation can be used as a proxy indicator to facilitate future sustainable landscape and urban planning.
Materials and Methods
Study Area: the Colombo District, Sri Lanka
The Colombo District is situated in a western province of Sri Lanka, an island in the western part of the Indian Ocean (Figure 1 ), between 6°42′ and 6°58′ N latitude and 79°50′ and 80°13′ E longitude. The district is situated in a lowland region, characterized by a typically hot and humid climate [4] with two main monsoons and two inter-monsoon periods. The southwest monsoon from late May to the end of September delivers much rainfall, while the northeast monsoon from the end of November to mid-February [36] brings relatively less rainfall. Hence, the period from December to early March can be considered as a dry period of the study area. The average annual rainfall is 2300 mm [4] , and the mean annual temperature is approximately 28 • C [37] . Mean daily sunshine varies from 9 h in February to 5 h in June [38] . Most of the built-up areas in the district are found along the coastal belt on its western side and along the main transportation network. Between 2001 and 2012, the urban population of the Colombo District increased by 23% [39] . Colombo district population shows an increasing trend. It increased by 1,699,241 in 1981 [40] to 2,449,364 (projected) in 2017.
Satellite Images
Landsat images acquired during the dry season on the 7th February 1997 (Landsat 5 TM) and the 13th January 2017 (Landsat 8 OLI/TIRS) (http://earthexplorer.usgs.gov/) were used in this study ( Table 1 ). The Colombo District is located on path 141 and row 55. The two satellite images were projected using a WGS84/UTM 44 N projection. Before processing, the images were subjected to radiometric calibration and atmospheric correction using the TerrSet software [10] . During this correction, the digital number (DN) values of the multispectral bands were converted to surface reflectance values. The DN value of thermal bands converted into atmosphere brightness temperature in degree Kelvin [10, 41] . The pre-processed images were used to extract the LST, NDVI, and NDBI of the study area for 1997 and 2017. 
Population Data
The population of the Colombo District in 1997 and 2017 was projected using the population of 1981, 2001, and 2012 census data. The average population growth rate (APGR) was calculated based on the population for each administrative division for the census year 1981, 2001 and 2017. The population for 1997 and 2017 was projected by using the APGR of each division. The population density of each administrative division was calculated by dividing its population by its land area. 
NDVI Calculation
The NDVI, an important variable in urban climate studies [42] , is derived from remote sensing data by using the reflectance in the red (RED) and near-infrared (NIR) portions of the electromagnetic spectrum [43, 44] . The NDVI map produced had a value ranging from −1 to +1. Larger NDVI values indicate vegetation, small positive values represent bare soils or built-up areas, and negative or close to zero values indicate water [45] . The NDVI is expressed as:
where NIR = band 4 (Landsat TM) and band 5 (for Landsat OLI) and RED = band 3 (Landsat TM) and band 4 (Landsat OLI).
NDBI Calculation
The NDBI, an index for impervious surfaces or built-up areas [42] , was calculated from remote sensing data using reflectance in the NIR and mid-infrared (MIR) portions of the spectrum [46] . It has been commonly used in previous studies to identify the impervious surfaces [42, 45, 47] . NDBI values range between −1 and 1, with values close to 0 indicating vegetation; negative values indicate water bodies, while positive values indicate built-up areas [47, 48] . The NDBI is defined as:
where MIR = band 5 (Landsat TM) and band 6 (Landsat OLI) and NIR = band 4 (Landsat TM) and band 5 (Landsat OLI).
LST Retrieval
The standard way of extracting LST from raw Landsat imagery involves the conversion of the thermal band's DN values into radiance values. These radiance values are the ones used to derive at-satellite brightness temperatures [3, 41, 49] . In this study, preprocessed thermal bands (with at-satellite brightness temperatures values expressed in degrees Kelvin) were used. In the retrieval of LST values, the at-satellite brightness temperatures needed to be scaled using land surface emissivity values [50] . Here, the NDVI method [50] was used to derive land surface emissivity values. After deriving the emissivity values, the emissivity-corrected LST values were extracted as follows:
where TB = Landsat TM Band 6 and Landsat TIRS Band 10 at-satellite brightness temperature in degrees Kelvin; λ = wavelength of emitted radiance (λ = 11.5 µm for Landsat TM Band 6 [41] and λ = 10.8 µm for Landsat TIRS Band 10 [10] ; ρ = h × c/σ (1.438 × 10 −2 m K), where σ = Boltzmann constant (1.38 × 10 −23 J/K), h = Planck's constant (6.626 × 10 −34 Js), and c = velocity of light (2.998 × 10 8 m/s); and ε is the land surface emissivity estimated using the NDVI method [50] . The extracted LST values were subsequently converted from degrees Kelvin to degrees Celsius ( • C).
Hot and Cold Spots Analysis
The ArcGIS optimized hot spot analysis (Getis-Ord Gi*) tool was used to aid spatial analysis [9, 23, 51] . More specifically, this technique identified hot and cold spots of LST, NDBI, NDVI, and the population density for the entire study area using their respective mean values in each administrative division. The Gi* statistic for each feature class or administrative division represented the z-score. Higher positive z-values were categorized as a hot spot, and smaller negative z-values were classified as a cold spot. The z-value represents the clustering significance for a specified distance based on the confidence level [52] . In this study, hot and cold spots were classified into seven categories based on their Gi Bin values: very hot spot (99% significant), hot spot (95% significant), warm spot (90% significant), not statistically significant, cool spot (90% significant), cold spot (95% significant), and very cold spot (99% significant) [9] .
Spatiotemporal Analysis of Hot and Cold Spots
The spatiotemporal pattern of hot and cold spots was examined by using four variables between 1997 and 2017 based on two approaches. First, the seven categories of hot and cold spots identified in Section 2.7 were reclassified into three general categories: (1) hot spot (warm, hot, and very hot); (2) cold spot (cool and cold and very cold spot); and (3) not-significant spot for each time point. Subsequently, these two sets of generalized categories were cross-tabulated to detect the changes. This process resulted in nine categories for each of the four variables, namely hot spot to not-significant, hot spot to cold spot, not-significant to hot spot, not-significant to cold spot, cold spot to hot spot, cold spot to not-significant, persistent hot spot, persistent not-significant, and persistent cold spot.
Second, for each time point, a composite map of the reclassified four variables was generated. To do this, the categories of the NDVI map were inverted (i.e. the hot spot became cold spot and cold spot became hot spot) because this variable had a negative relationship with the other three variables. During the calculation of hot and cold spots in Section 2.7, the NDVI high areas were classified as a hot spot while low NDVI low value areas classified as a cold spot. The NDVI low value areas showed an absence of vegetation, as they were directly affected by occurring SUHI formation. The following rules were used to reclassify the categories: (1) if two or more of the four variables indicated hot spot, the administrative division was classified as a hot spot; (2) if two or more of the four variables indicated cold spot, the administrative division was classified as a cold spot; and (3) if three or more of the four variables indicated not-significant, the administrative division was classified as a not-significant spot. Rules (1) and (2) were possible because there was not a single instance where there were two variables that indicated hot spot and two variables that indicated cold spot. After producing two composite maps of the four variables (one for 1997 and one for 2017), the changes were detected. This process also resulted in nine categories discussed as above. Because of rapid and mostly unplanned urban landscape changes, most of the areas with natural vegetation had been replaced by roads, buildings, and other development, thus contributing to the increasing LST of the area and the SUHI effect, especially in urban areas. In 1997, high LST areas were mostly found in the western part (Colombo City) of the district and along the western coastal belt. However, in 2017, areas with high LST expanded north, south and eastwards, ensuing the urban development pattern in these areas. There was a general similarity in the pattern of the hot spot and LST distribution in the study area for both time points. Most of the very hot spots accumulated in the western part of the district, while very cold spots were mainly found in the central areas and eastern side of the district in 1997. By 2017, the very cold spots had shifted to the eastern part of the district. Both LST very hot and very cold spot clusters increased during the 20-year period, from 27.8% to 36.6% and from 24.1% to 26.9%, respectively. Most of the hot spots in 1997 were changed to very hot spots in 2017. Many of the not-significant spots located in the western part of the district had been changed to very hot spot, hot spot, or warm spot by 2017. Conversely, many of the not-significant, cold, and cool spots located in the eastern part of the district in 1997 had changed to very cold spots by 2017. In 1997 most of the not-significant spots were randomly distributed across the district and had been aggregated into the central part of the district by 2017, adjoining the hot spot clusters. 
Results
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Figure 5a,b present the NDBI maps of Colombo District for 1997 and 2017. The minimum and maximum NDBI values for 1997 ranged between −1.00 and 0.39, while for 2017, they ranged between −0.31 and 0.37. In 1997, high NDBI value-areas were located mostly in the Colombo City area, along the western coastal belt, and adjacent to the main transportation network mainly in the western part of the district. However, by 2017, these areas had also expanded to the north, east, and south along the main transportation network and coastal belt toward to the central areas of the district. In addition, the newly reclaimed land adjacent to the Colombo harbor (Port City) development project helped to add new land to the Colombo District. These developments increased the impervious surface in the western part of the district [4] .The fast urban expansion of these areas was due to the rapid development of the Colombo District after the conclusion of 30 years of civil war [4, 35] . Figure  4 shows LST had a positive and significant relationship with NDBI for the two-time points and that the R 2 values were high. The increase in the correlation between mean LST and NDBI from 1997 to 2017 indicates that the effect of SUHI has become more detectable as the area becomes more urbanized. This result is consistent with other findings that show that the intensity UHI is positively correlated with city size [10, 53] . high NDVI values) were located in the eastern part of the district, while the very cold spots were mainly found in the western part. Some of the hot and warm spots in 1997 had changed to very hot spots in 2017, while some of the not-significant spots in 1997 had changed to hot or warm spot in 2017. The percentage of NDVI very hot spots had increased from 24.8% to 36.3% during the 20-year period. This was indicative of increasing vegetation cover, especially in the eastern part of the district. These areas experienced an increasing trend of vegetation cover due to the improving cropland like rubber plantation. The percentage of very cold spots had increased from 30.3% to 37.7% over the 20-year period, which reflected a decreasing trend in vegetation cover, especially in the western part of the district. in the number of the very cold spots was observed between 1997 and 2017. The percentage of very hot spots increased from 30.3% to 37.2% between 1997 and 2017, and these were concentrated in the western part of the district. The percentage of very cold spots increased from 23.2% to 35% over the same period. A decrease of almost 50% in the number of the not-significant spots was also observed over the 20-year period. The result showed that the area of impervious surfaces had increased, particularly towards the center of the district. 
Figure 5a,b present the NDBI maps of Colombo District for 1997 and 2017. The minimum and maximum NDBI values for 1997 ranged between −1.00 and 0.39, while for 2017, they ranged between −0.31 and 0.37. In 1997, high NDBI value-areas were located mostly in the Colombo City area, along the western coastal belt, and adjacent to the main transportation network mainly in the western part of the district. However, by 2017, these areas had also expanded to the north, east, and south along the main transportation network and coastal belt toward to the central areas of the district. In addition, the newly reclaimed land adjacent to the Colombo harbor (Port City) development project helped to add new land to the Colombo District. These developments increased the impervious surface in the western part of the district [4] .The fast urban expansion of these areas was due to the rapid development of the Colombo District after the conclusion of 30 years of civil war [4, 35] . Figure 4 shows LST had a positive and significant relationship with NDBI for the two-time points and that the R 2 values were high. The increase in the correlation between mean LST and NDBI from 1997 to 2017 indicates that the effect of SUHI has become more detectable as the area becomes more urbanized.
This result is consistent with other findings that show that the intensity UHI is positively correlated with city size [10, 53] . 
Population Density and Hot and Cold Spots in 1997 and 2017
Figure 6a,b show the population density map for the Colombo District for 1997 and 2017. The increase in population density from 1997 to 2017 occurred mainly in the western part of the district and closely followed the NDBI pattern of the district. The scatter plots reveal that population density was positively correlated with LST for both time points (Figure 4) . (Table 2) . Also, 8.6% of the not-significant spot had converted to hot spots, while 8.4% of the not-significant spots had changed to cold spots by 2017. In addition, 21% of the cold spots had changed to not-significant by 2017 (Table 3) . Figure 7b and Tables 2 and 3 present the changing pattern of NDVI hot and cold spots during the 20-year study period. The total percentage of hot and cold spots had increased by 6.8% (37.7% in 1997 to 44.5% in 2017) and 8.6% (32.7% in 1997 to 41.3% in 2017), respectively, while the percentage of not-significant spot had decreased by nearly 50% (29.6% in 1997 to 14.2% in 2017) ( Table 2) . (Table 2) . Also, 8.6% of the not-significant spot had converted to hot spots, while 8.4% of the not-significant spots had changed to cold spots by 2017. In addition, 21% of the cold spots had changed to not-significant by 2017 (Table 3 ). Due to a decline in green space, 8.6% of not-significant spots were converted to cold spots (low NDVI values). Over the past 20 years, 32.7% of the divisions have remained cold spots (persistent cold spots) for NDVI and these divisions are found on the western side or the urbanized section of the district. On the other hand, 7% of the not-significant spots had been replaced by hot spots (high NDVI values), indicating improvement of vegetation cover (Table 3) . Figure 7c and Tables 2 and 3 show the changing pattern of NDBI in a hot spot during the 20-year study period. The results show a declining pattern of not-significant spot from 33.8% in 1997 to 15 .4% in 2017, while the percentage of hot and cold spots increased by 8.1% (33.0% in 1997 to 41 .1% in 2017) and 10.2% (33.2% in 1997 to 43 .4% in 2017), respectively ( Table 2) . During this period, 7.5% of the not-significant spots had been replaced by hot spot, and 12.7% had changed to cold spots (Table  3) . Changing hot spot areas were located to the west of the not-significant spots while changing cold Figure 7b and Tables 2 and 3 present the changing pattern of NDVI hot and cold spots during the 20-year study period. The total percentage of hot and cold spots had increased by 6.8% (37.7% in 1997 to 44 .5% in 2017) and 8.6% (32.7% in 1997 to 41.3% in 2017), respectively, while the percentage of not-significant spot had decreased by nearly 50% (29.6% in 1997 to 14.2% in 2017) ( Table 2) .
Due to a decline in green space, 8.6% of not-significant spots were converted to cold spots (low NDVI values). Over the past 20 years, 32.7% of the divisions have remained cold spots (persistent cold spots) for NDVI and these divisions are found on the western side or the urbanized section of the district. On the other hand, 7% of the not-significant spots had been replaced by hot spots (high NDVI values), indicating improvement of vegetation cover (Table 3) . Figure 7c and Tables 2 and 3 Table 2) . During this period, 7.5% of the not-significant spots had been replaced by hot spot, and 12.7% had changed to cold spots (Table 3) . Changing hot spot areas were located to the west of the not-significant spots while changing cold spots were located on the east side of the district. The result showed the newly added built-up areas were located on the western side of the district, as was the development pattern of the district from 1997 to 2017. The spatial changes of clustering pattern of population density based on hot and cold spots are shown in Figure 7d . The percentage of hot and not-significant spots had increased by 2.4% (27.8% in 1997 to 30.2% in 2017) and 4.8% (25.9% in 1997 to 30.7% in 2017), respectively, between 1997 and 2017. A total of 2.9% of the not-significant spots had changed to hot spots, and 7.9% of the cold spot had changed to not-significant spot (Table 3) . Most of the newly added hot spots were located in the northwestern part of the district. Figure 8a ,b show the overall changes of clustering pattern of hot and cold spots maps in 1997 and 2017, respectively, while Figure 8c presents the change in the overall hot spots and cold spots from 1997 to 2017. The results showed that 32.7% of the areas in the district were clustered as hot spots at both time points, while 8.8% of the areas remained as not-significant spots and 42.5% remained as cold spots during this period (Table 4 ). In addition, 7.7% of the not-significant spots had been converted to newly added hot spot by 2017. All of the newly added hot spots were located adjoining persistent hot spots. On the other hand, most of the newly added not-significant spots were located connecting to newly added hot spots. These results showed the changing pattern of SUHI hot spots from west to east due to the increase of impervious surfaces and declining vegetation cover. spots at both time points, while 8.8% of the areas remained as not-significant spots and 42.5% remained as cold spots during this period (Table 4 ). In addition, 7.7% of the not-significant spots had been converted to newly added hot spot by 2017. All of the newly added hot spots were located adjoining persistent hot spots. On the other hand, most of the newly added not-significant spots were located connecting to newly added hot spots. These results showed the changing pattern of SUHI hot spots from west to east due to the increase of impervious surfaces and declining vegetation cover. 
Discussion
Spatiotemporal Pattern of Hot and Cold Spots
Increasing LST through the modification and transformation of vegetated surfaces into built-up areas is a serious challenge, particularly in unplanned cities [2] . Hence, LST is an important climate-related factor that can help diagnose and characterize changes in the thermal conditions of urban environments. Increasing urban population, growth of built-up areas, and decreasing vegetation cover are the leading causes of changes in the urban thermal environment [2] . Hot spot and cold spot maps for LST, NDVI, NDBI, and population density were created using Getis-Ord Gi* for 1997 and 2017. The identification of hot and cold spots using this method did not depend on whether the variable values were high or low [9] . It considered the value of neighboring features. Therefore, the results could be compared confidently to provide a better analysis of the SUHI effects in the Colombo District.
According to the hot and cold spots analysis, the effects of SUHI had intensified over the past 20 years and affected more administrative divisions (Figures 2 and 7a) . In 1997, most of the very hot spots were located along the western coastal belt within the urban development of Colombo. However, in 2017, most of the newly added hot spots were located further to the east in areas adjoining the 1997 hot spots. The results showed that some of the not-significant spots in 1997 had changed to hot spots by 2017. Changes in hot spots were consistent with recent urban development in the Colombo District. LST hot and not-significant spots tended to have increased, while cold spots tended to have decreased between 1997 and 2017 ( Table 2 ). The hot spot results for LST could support greater understanding of the trends in SUHI formation from 1997 to 2017. All of the hot spot areas were highly clustered in the urban centers, along main roads, and within some industrial zones. Very cold spot was located in rural areas in the eastern part of the district. During the 20-year study period, 21% of the cold spots had changed to not-significant areas, while 8.6% of the not-significant spot had been converted to the hot spots (Table 3 ). This trend showed that not-significant areas are vulnerable to conversion as hot spot areas over a short period. Hence, suitable remedial measures need to be taken to control the negative impacts of SUHI.
Most of the NDVI cold spots were found in the western part of the district, and hot spots were located in the eastern part (Figures 3 and 7b) . Much of the agricultural land and other vegetated areas were located in the eastern part of the district. The result showed some of the not-significant spots in the south of the district in 1997 had changed to hot spots by 2017. It also showed the effects of improvements in the vegetated area in these zones, with an increase in the area of rubber cultivation land between 1997 and 2017. During this period, NDVI hot and cold spots tended to increase, and the not-significant spots tended to decrease ( Table 2 ). Most of the not significant spots were replaced by cold spots due to the reduction in vegetated areas, and some of the not-significant areas had converted to hot spots as a result of improvements in vegetation cover. The hot and cold spots analysis could help with improving understanding of the level of vegetation cover loss or improvement during the study period. The very cold spots of the LST are large areas dominated by the vegetation cover in the eastern part of the district. Improved vegetation cover effected some control over the SUHI phenomenon, and it led to improved living conditions of the local population in the eastern part of the study area. Vegetation cover is important because it mitigates negative impacts of SUHI, as can be seen when comparing Figures 2 and 3 for the Colombo District.
Higher LST was consistently recorded in high-density built-up areas. The NDBI hot and cold spots ( Figures 5 and 7c ) distribution maps could help to identify spatial variations in the distribution of SUHI in the Colombo District over the 20-year study period. The persistent hot spot clusters were found in the western part of the district along the coastal belt in both time periods, while cold spots were located in the eastern part of the district. The results revealed that some of the not-significant spots in the eastern part of the district in 1997 had changed to cold spots by 2017. For NDBI, the number of hot and cold spots had increased, while the number of the not-significant spots had decreased. During the 20-year study period, 33% of the areas had become hot spots, and all were located in the western part of the district. This result showed that none of the hot spot areas had changed to cold or not-significant spots. In addition, 7.5% of the not-significant areas had been converted to hot spots during the study period (Table 3) . These changes can be attributed to rapid urbanization between 1997 and 2017. According to the 2012 population and housing census data, the urban population comprised 54.6% of the total population in 2001 but had increased to 77.6% by 2012. The Colombo District underwent rapid urbanization after 2009 as a result of the conclusion of the 30-year civil war. Most of the urban enhancement projects and transportation system development projects were located in the Colombo metropolitan area because the Colombo District is the capital and main commercial center of the country [4, 12, 54] . Urban growth is likely to continue in the future [54] . Hence, the not-significant spots can be identified as areas vulnerable to becoming hot spots in the short term.
The population density hot and cold spots had three significant spatial features at both time points in the Colombo District (Figures 6 and 7d) . One population density cluster was located in the Colombo CBD and Kolonnawa area. Colombo harbor, the central bus terminal, central railway station, and the head office of the main banks, companies, and government departments were located in these areas. As a result of the availability of these facilities, a high population density was found in these areas. In addition, in 2017, a newly added hot spot was recorded around the Kotikawatta-Mulleriyawa area (Figure 7d ). The second cluster was located in the southern part of the CMC and Dehiwala areas. The people lived in the northern and eastern parts of the country had temporarily migrated into this area due to the civil war. After the conclusion of 30 years of civil war in 2009, some of them have moved back to the original location (north and east of the country). This is the one of the reasons for the reduced population in 2017, especially in some administrative divisions located in the western part of the district. This is reflected in the decreasing trend of the population of Colombo City from 2001 to 2011 (−86,000 resident population) [39] . The third cluster was located around the Rathmalana and Moratuwa areas and was due to the Rathmalana industrial zone. Hot and cold spots cluster maps for population density helped to identify the SUHI distribution in the district.
The result of the study showed that the negative impacts associated with SUHI would directly affect areas with high population density areas. On the other hand, the socio-economic activities of the residents in these areas, associated with industries, houses, parking lots, roads, and other construction activities could contribute to the formation of the SUHI phenomenon [5] in the Colombo District.
In 2012, the Colombo District had a population of 2,324,349 (11.4% of the country's population), making Colombo the most densely populated district in the country (3438 people per km 2 ), but with a total land area occupying only 1.01% of the country's area [39] . Figure 9a shows that the population of Colombo District is continuously increasing, while Figure 9b shows the growth of urban population and decline of rural population from 2001, predicted to 2041. This rapid urban population growth in Colombo District is expected to continue in the future. Land availability will be the main challenge for housing and for zoning plans to facilitate this urban growth [4] and will enhance the SUHI of the district. Therefore, it is important to improve the vegetation cover (green space), especially in highly populated areas, as well as alongside the road network and in industrial areas and public places, such as schools, religious places, and government institutions, so as to mitigate the adverse impacts of SUHI effects through future urban sustainable planning.
The overall hot and cold spot change maps (Figure 8c ) helped to identify the spatial changes of the clustering pattern of SUHI in Colombo District and could be used as a tool to improve future urban landscape planning. During the 20-year study period, nearly one-third of the total divisions persisted as hot spots. All of these areas were located in the western part of the district, which needs to be considered as a SUHI affected area, and appropriate measures to mitigate the adverse impacts of the SUHI need to be developed and implemented. Not-significant spots were particularly vulnerable to changing to hot spots in the near term, as shown by the overall change in hot and cold spots. Furthermore, 43 divisions of not-significant areas in 1997 were converted into hot spots by 2017. The conversion rate of not-significant areas to hot spots was higher than that of cold spots to hot spots. During the last 20 years, only three cold spot divisions have been converted into hot spots. Therefore, it is particularly important to take into account the effects of development proposals in a persistent not-significant spot in future urban planning activities of the SUHI need to be developed and implemented. Not-significant spots were particularly vulnerable to changing to hot spots in the near term, as shown by the overall change in hot and cold spots. Furthermore, 43 divisions of not-significant areas in 1997 were converted into hot spots by 2017. The conversion rate of not-significant areas to hot spots was higher than that of cold spots to hot spots. During the last 20 years, only three cold spot divisions have been converted into hot spots. Therefore, it is particularly important to take into account the effects of development proposals in a persistent not-significant spot in future urban planning activities. 
Implications for Urban Sustainability
The results of this study showed the increase in SUHI effects between 1997 and 2017 in the Colombo District. Several important differences could be observed. The hot and cold spot analysis showed an increase in high LST clusters, built-up areas, and population density, and a decrease in 
The results of this study showed the increase in SUHI effects between 1997 and 2017 in the Colombo District. Several important differences could be observed. The hot and cold spot analysis showed an increase in high LST clusters, built-up areas, and population density, and a decrease in green areas, particularly in the western part of the district. As urbanization intensified, more natural areas were replaced by impervious surfaces, which reflect less of the sun's energy. However, SUHI formation does not only occur due to the expansion of impervious surfaces but also due to a decline in vegetation cover in urban areas. Vegetation cover helps to minimize SUHI effects by providing shade that can prevent direct exposure of land surfaces to solar radiation. An increase in vegetation cover leads to lower surface temperatures because vegetation cover helps to generate cool island effects through evapotranspiration [7, 10] . Therefore, it is essential that consideration is given in future landscape and urban planning to increasing urban vegetation cover, particularly in LST very hot spot areas. Parkland and tree cover provision should be enhanced along transportation systems, and vegetation cover should be increased in public places, such as temples, schools, hospitals, and government office premises so as to minimize adverse SUHI effects in the district.
Changes in the overall hot and cold spots showed that 182 divisions (32.7%) of the areas in the district had clustered as hot spots within the 20-year study period. Urban planners should pay more attention to these areas in order to control SUHI effects by implementing urban greening concepts. This study indicated that 47% of the not-significant areas in 1997 had changed to hot spots by 2017. The pattern showed that cold spots were first changed to not-significant spots, and subsequently into hot spots. Therefore, the persistent not-significant spot is more vulnerable to conversion to a hot spot in the short term. This issue needs to be addressed to avoid the occurrence of SUHI in the remaining, not-significant areas. Firstly, planners need to consider persistent not-significant spots as these may be in danger of changing to hot spots within a short period. Secondly, priority should also be given to newly added not-significant spots (cold spot to not-significant) to prevent them from becoming hot spots in the future. The SUHI hot spot pattern could be observed to follow a western to eastern direction, following the urbanization pattern of the district. Therefore, policy-makers should focus on the concept of urban greening in the context of rapid urbanization. It is recommended that the remaining green areas in the district be maintained, and new green areas be established, such as parks, walking paths, urban forest gardens, and greenbelts alongside the transportation network. In comparison to newly added hot spots, very few areas became newly added cold spots between 1997 and 2017, and most of these areas were distributed in areas surrounding stable cold spot areas.
Increasing SUHI affected areas would have an adverse impact on the local residents, giving rise to deteriorating quality of living environment, increased mortality rates, increased energy consumption, and increased hospitalization rates in elderly and children [3, 4, 7, 55] . Therefore, it is recommended that urban planners and policymakers should pay greater attention to minimize SUHI effects in the Colombo District. In this context, it would be beneficial for the western province environmental ministry and Urban Development Authority (UDA) to introduce urban greening projects, especially along the main road network, which would help to enhance the environmental quality of the district. Government policymakers should also introduce new rules and regulations regarding urban development [12] , while local government can introduce tree planting activities along the main road network in the district.
The results of the hot and cold spots analysis could be used for more effective urban planning. This study was conducted based on the 557 administrative divisions in the district, and it is straightforward to demarcate the boundaries of local government authorities and implement mitigation measures for areas that have become hot spots. The result would help to minimize the adverse impacts of SUHI on people as well as the environment. This study showed a trend in the conversion of not-significant areas to hot spots, rather than to cold spots. Therefore, urban planners and policymakers need to implement appropriate mitigation activities to control SUHI formation and SUHI effects. The concept of urban greening could be introduced in these areas to minimize SUHI effects on the environment. In addition, green building concepts could be introduced for new construction activities. This would help to minimize the adverse effects of SUHI in the future. Hot and cold spot change maps provide a useful guide to help with the prioritization of administrative units based on the cluster types.
Limitations of the Study
The analysis of this study was performed based on the two satellite images only. The use of more satellite images captured in multiple time points will provide more information, which can result in a much stronger trend analysis. However, this study was constrained by the unavailability of clear and usable satellite images that were temporarily consistent with the two satellite images that were used (1997 and 2017). The difference in the acquisition time between the two images might have influenced our findings because various environmental factors, including wind speed, surface moisture, humidity, and the intensity of Sun's radiation, which might not be temporarily consistent or stationary across time points could influence surface temperature values [10] . Similarly, the temporal non-stationarity of the physical and atmospheric conditions of the area due to the images' difference in acquisition time could also have influenced the temporal variation of the NDVI. Hence, it is recommended that the results be interpreted in light of these limitations.
Conclusions
The result of the study showed a SUHI hot spot pattern changing from the western to the eastern direction of the Colombo district. The result revealed that 182 administrative divisions (32.7%) had been persistent hot spots during the last twenty years. Furthermore, 43 divisions of not-significant spots had become hot spots. This pattern showed that not-significant spots were particularly vulnerable to becoming hot spots in the future. In addition, 49 divisions were identified as emerging hot spots in the near future. The hot spots were located in the western part of the district while cold spots were located in the eastern part of the district. The spatial pattern of the emerging SUHI hotspots mirrors the urban development pattern of the Colombo District.
The results could help improve understanding of the formation of SUHI in Colombo District. Urban planners and policymakers should pay greater consideration to the remaining, not-significant clustering areas to prevent or control SUHI formation in these areas in the short term. It is recommended that new green urban development be introduced to control adverse SUHI effects in the future. Overall, the findings of this study could be used as a reference in the context of sustainable landscape and urban planning for the Colombo District.
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